ABSTRACT Cerotoma trifurcata Fö rster (Coleoptera: Chrysomelidae) and Bean pod mottle virus (Comoviridae) (BPMV) both can reduce yield and seed quality of soybean, Glycine max (L.) Merr. Field experiments were conducted to evaluate the effects of systemic, seed-applied, and foliar-applied insecticides for the management of this pest complex at three locations in central, northeastern, and northwestern Iowa during 2002Ð2004. Seed-applied insecticide was evaluated according to a currently recommended management program for Iowa (i.e., insecticide applications that target emerging overwintered beetles, F 0 , and the Þrst seasonal generation, F 1 ). 
The adult bean leaf beetle, Cerotoma trifurcata Fö rster (Coleoptera: Chrysomelidae), causes economic damage to soybean, Glycine max (L.) Merr., by feeding on leaves, stems, and pods Pedigo 1992a, b, Pedigo and Zeiss 1996) and its pest status has been elevated further by its transmission of Bean pod mottle virus (Comoviridae) (BPMV) (Giesler et al. 2002) . This virus reduces soybean yield (Horn et al. 1973, Hopkins and Mueller 1984) and grain quality ). Furthermore, the effects of BPMV on soybean yield are synergistic with those of Soybean mosaic virus (SMV) (Ross 1968 , Anjos et al. 1992 ), a seedand aphid-transmitted pathogen common in soybean (Steinlage et al. 2002) .
Although transmitted by several species of Coleoptera (Horn et al. 1970 , Patel and Pitre 1971 , Fulton and Scott 1974 , Mabry et al. 2003 , Werner et al. 2003 , BPMV is most efÞciently transmitted by C. trifurcata, a species whose populations have undergone dramatic increases in abundance in recent years (Giesler et al. 2002) . Recently, annual peak abundance at a single location in Iowa reached Ϸ96 times the 1996 level (Bradshaw and Rice 2003) . These changes in abundance are likely regional, and presumably the incidence and prevalence of BPMV has increased as a result. In Iowa, BPMV is ubiquitous (Krell et al. 2004 ) and apparently its prevalence and incidence is highest (Robertson and Nutter 2006) where C. trifurcata survival is highest (Rice and Pope 2004) .
In Iowa, the bivoltine (Smelser and Pedigo 1991) C. trifurcata overwinter as adults (Kogan et al. 1974 , Waldbauer and Kogan 1976 , Smelser and Pedigo 1991 , primarily in woodlots , with three population maxima often observed (overwintered population, F 0 ; Þrst generation; F 1 ; and second generation, F 2 ). Although soybean is a preferred host (Henn 1989 , there are other hosts available to C. trifurcata before soybean emergence ). Hosts such as Desmodium spp. may be particularly important because they may be a prevalent source of inoculum for BPMV (Moore et al. 1969 ). The early-season acquisition of virus may be inßuenced by its ability to remain viable within diapausing beetles or to be seed transmitted in soybean . Due to high transmission efÞciency Pitre 1976, Wang et al. 1992 ) and the pos-sibility that many adults may enter emergent soybean Þelds, early-season controls have been recommended (Krell et al. 2004) .
Damage to soybean from C. trifurcata can be reduced by later planting Zeiss 1996, Witkowski and Echtenkamp 1996) , host plant resistance (Hammond et al. 2001 ), or population suppression by chemical control . Management actions that affect a vector population can impact their transmissible agents (Perring et al. 1999) ; however, the affects of C. trifucata management on BPMV transmission are not fully understood. For example, preliminary studies indicate that early-planted soybean may have increased BPMV incidence (Giesler et al. 2002) ; however, in a 3-yr study, Krell et al. (2005) found that delayed soybean planting inconsistently reduced the seed-borne incidence of BPMV.
Various types of host plant resistance can reduce C. trifurcata injury to pods and leaves (Hammond et al. 2001 . Although pathogen-derived resistance has been developed against BPMV (Reddy et al. 2001) and Þeld tolerance may exist , no C. trifurcata resistance tool has been tested against BPMV.
The use of insecticides for the suppression of viral vectors has been tested in many crop systems with variable results. In virus pathosystems where management by insecticide application was attempted, 47% have failed to reduce virus incidence (Perring et al. 1999) . Although the insecticidal control of Coleoptera as viral vectors is poorly understood, insecticides are used commonly in soybean for the management of C. trifurcata, and, according to Krell et al. (2004) , insecticidal control can reduce BPMV incidence if carefully timed against the appropriate adult beetle population. Krell et al. (2004) studied the impact of carefully timed chemical control of C. trifurcata and reported that a reduction in vector abundance reduced incidence of BPMV, improved yield, and could protect grain quality. This was particularly true for insecticides targeting F 0 and F 1 populations and has since been a recommended practice for soybean grown for food and seed in Iowa .
Some insecticides, such as the pyrethroid -cyhalothrin, suppress C. trifurcata abundance and have long residual activity (Hammond 1996) , with an apparent antifeedant quality (Dobrin and Hammond 1985) in soybean. Additionally, -cyhalothrin can suppress C. trifurcata populations at low application rates (Rice and OÕNeal 2007) . For these reasons Krell et al. (2004) chose this chemical for C. trifurcata suppression to reduce the impact of virus on soybean. Importantly, Krell et al. (2004) also noted that insecticides must be applied as soon as adult F 0 adults arrive in the Þeld if the control is to be effective.
Regardless of pestiferous hazards, soybean growers desire varieties that tolerate early planting dates (for Iowa, this includes dates between late April to early May) with the expectation of improved or equivalent yield (Pedersen 2006) . Because later planting is currently undesirable and cultivars with resistance to these pests (the beetle and pathogen) are not yet available to growers, insecticides have been used to manage this pest complex.
C. trifurcata can cause injury and transmit BPMV to soybean as soon as the plants emerge (Ross 1969 , Walters 1970 , Hopkins and Mueller 1984 , Ragsdale 1984 . However, spring rainfall may hinder proper timing of foliar-applied insecticides for suppression of early-season BPMV vectors. Systemic seed-applied insecticides may be effective for managing F 0 populations of C. trifurcata because of their efÞcacy at low application rates (M.E.R., unpublished data) and because they are applied to seed before planting. Additionally, neonicotinoids (e.g., thiamethoxam, imidacloprid, and clothianidin) are less toxic than foliarapplied insecticides to mammals, e.g., oral LD 50 ϭ 5,563 (Syngenta Crop Protection Inc. 2005 (Boyd and Boethel 1998) .
The objectives of this study were to evaluate F 0 -and F 1 -targeted C. trifurcata chemical control tactics for the management of C. trifurcata and BPMV. The emphasis was to determine the effects a seed-applied insecticide might have on C. trifurcata populations and how this would affect BPMV incidence in soybean. These effects were tested relative to the recommended management strategy of Krell et al. (2004) (i.e., the application of an F 0 -ϩ F 1 -targeted foliar insecticide). Krell et al. (2005) reported that variation in planting date had little effect on BPMV incidence, early planting dates were used to maximize C. trifurcata colonization of plots (Pedigo and Zeiss 1996) and to maximize the potential for early transmission of BPMV. These dates span early to normal planting times for soybean in Iowa (Pedersen 2006) . Plant emergence was expected to coincide with F 0 C. trifurcata immigration from overwintering sites (Smelser and Pedigo 1991) .
Materials and Methods

Experimental
Insect Sampling. C. trifurcata were sampled weekly from soybean emergence (VE) until leaf drop (ϷR7). Early-stage soybean was too short and delicate for sweep-net sampling; therefore, soybean stages VEÐV4 were sampled by Þve in situ counts of a 5-m length of row per experimental unit. When plants reached stage V4 ÐV5, 20-sweep sampling units were taken from the middle six rows in each experimental unit with a 38-cm-diameter sweep net, bagged, and returned to the laboratory for counting. Soybean development was estimated as described by Fehr et al. (1971) . Relative emergence of adult beetles was determined by counting teneral individuals within sweep-net samples.
BPMV Incidence. Soybean was sampled for BPMV after the peak of the F 0 , F 1 , and F 2 C. trifurcata populations (three sampling times) in 2002: at the beginning and after the peak of each population (six sampling times) in 2003, at the beginning and after the peak of F 0 and F 1 populations, and at the beginning of F 2 (four sampling times) population in 2004. Samples were taken from the middle four rows of each treatment by systematically collecting, in Ϸ5-m intervals, the uppermost, expanded leaves of 20 plants per treatment (Þve leaves from each sampling row). Leaves were collected into plastic bags, according to experimental unit, stored on ice and brought back to the laboratory. Sap was extracted from each leaf using a leaf grinder (Ravenel Specialties Corp., Seneca, SC) with phosphate-buffered saline (0.05 M sodium phosphate, 0.15 M sodium chloride, containing 2% Tween 20, pH 7.15). The leaf grinder was washed with Ϸ20 Ð30 ml of distilled water between extractions. Sap was stored in 2-ml microcentrifuge tubes and at Ϫ20ЊC. Individual samples were thawed and robotically transferred using a Tecan Genesis 150 (Tecan U.S., Durham, NC) to 96 well deep-well plates, for compact storage and efÞcient transfer to immunoassay plates, and then stored at Ϫ20ЊC. Samples were transferred to immunoassay plates for biotin-avidin double antibody sandwich, enzyme-linked immunosorbent assay (ELISA). This assay was completed as described by Krell et al. (2004) except for the use of a microtiter 96 Plate Washer (Tecan U.S.), for seven cycles of rinsing and aspiration. After washing, each plate was pat dried on paper toweling.
Seed Assessments. The percentage of discolored or mottled seed, seed weight, and relative amount of virus antigen in a sample were determined from a single random sample of 100 seeds harvested from each experimental unit. Individual seeds were counted as mottled if any discoloration was observed. Yield was determined by harvesting the center two (2002) or six rows (2003 and 2004) and recording the 13% moisture-corrected weight. Relative levels of virus antigen in seed were determined as described previously (Krell et al. 2005 ). Because SMV can be synergistic with BPMV (Ross 1968 , Quiniones et al. 1971 , Anjos et al. 1992 , and because its symptoms are identical to those of BPMV, the relative antigen level of SMV also was determined. In this analysis a value of 1.0 or less indicates virus antigen was not detected. Data Analysis. Data were analyzed using a mixed model analysis of variance (ANOVA), PROC MIXED (SAS Institute 2006), with blocks within locations declared as a random source of variance for mean comparisons for estimated total C. trifurcata abundance, pathogen incidence, and yield data. Data were combined where there was no signiÞcant interaction of treatment by location. For comparisons of treatment effects, data were analyzed separately by year. For comparisons of temporal C. trifurcata abundance between treatments, overall effects of treatment, date, and treatment by date were determined using a repeated measures analysis. The repeated subject (treatment by block) was modeled using a spatial power (using sampling date as the source of repeated variability) type of covariance structure and block was declared as a random source of variation. For repeated measures analysis, each year and location were treated separately because of differing correlations of covariance structures for the date effect using PROC MIXED (SAS Institute 2006). Treatment comparisons were analyzed further by date via DunnettÕs test for differences with an untreated control to derive the mean signiÞcant difference with the control by using PROC MIXED (SAS Institute 2006). Denominator degrees of freedom for repeated measures were calculated using the Satterthwaite method. Count data were transformed by the square root of (y ϩ 0.375) to stabilize the variance if indicated as necessary by residual plot examination (Kuel 2000) .
Disease incidence was calculated using a generalized linear mixed model, PROC GLIMIXED (SAS Institute 2006), to derive the area under the disease progress curve (AUDPC) by using the trapezoidal 
Results
Interactions of Year by Location.
Overall there was a signiÞcant location by year interaction for all response variables measured in this study (Fig. 1AÐG) . Although there was a marked decrease in total vector abundance ( Fig. 1A) , the AUDPC (ϭaverage total BPMV incidence as a function of day of year) for BPMV remained the same between years 2002 and 2003 ( Fig. 1B) for all locations. This interaction followed a similar pattern within locations and across years in relative amounts of BPMV antigen in seed at the central and northeast locations (Fig. 1C) . A low incidence of SMV antigen was detected in seed in 2003 (Fig. 1D ). Seed coat color improved from 2002 to 2004 (Fig. 1E) ; however, yield and seed weight showed no clear trend in their location by year interaction (Fig. 1F and G) .
Vector Control. Because year had a stronger inßu-ence on total C. trifurcata abundance than location (year: F 2, 322 ϭ 4,217.46; P Ͻ 0.0001; location: F 2, 14 ϭ 40.92; P Ͻ 0.0001) (Fig. 1A ) and there were changes between years (e.g., insecticide application rates), estimates of total beetle abundance were analyzed by year. Overall the estimated total beetle populations (based on pooled averages from all study locations; pooled from in-row and sweep net samples) declined signiÞcantly 754.39 Ϯ 10.36, 31.65 Ϯ 7.51, and 3.45 Ϯ 9.29 beetles (F 2, 354 ϭ 2,095.14; P Ͻ 0.0001) from 2002 to 2004, respectively (Fig. 1A) . Of these adults, Ϸ8, 11, and 14% of C. trifurcata from 2002 to 2004, respectively, were determined to be teneral (i.e., unsclerotized).
Assuming decreased mobility during C. trifurcataÕs teneral period (Chapman 1998) , they may be more likely to have emerged from within plots than fully sclerotized adults. Therefore, the total seasonal abundance of teneral adults may indicate relative emergence from within an experimental unit and the impact of treatment. Based on relative counts of teneral beetles, seed treatment or seed treatment plus a foliar insecticide signiÞcantly reduced the total estimated emergence at the northeast location in 2002 (Table 2) . In 2003, all locations had signiÞcantly reduced emergence relative to an untreated control with a seed treatment plus an F 1 -targeted insecticide having the greatest reduction (Table 2 ). In 2004 only those experimental units that incorporated a seed-applied insecticide had a signiÞcantly lower emergence relative to an untreated control (Table 2) .
In 2002, no insecticide applications had a signiÞcant effect on estimated total C. trifurcata abundance at the central and northeast locations (Table 3) . However, any F 1 -targeted insecticide had signiÞcantly fewer beetles than an untreated control at the northwest location (Table 3) . At the northwest location the F 0 -ϩ F 1 -targeted insecticide program resulted in 388.69 Ϯ 47.8 fewer beetles than an F 0 -targeted insecticide alone regardless of the insecticide applied (t 54 ϭ 8.13, P Ͻ 0.0001).
In 2003, the F 0 -targeted insecticide treatments alone generally had fewer total beetles than an untreated control (Table 3) . Based on a contrast comparison of the F 0 -targeted with the F 1 -targeted treatments, the F 1 -targeted treatments had slightly higher total beetle abundance at the central location, with F 0 -ϩ F 1 -targeted insecticide program having 11.98 Ϯ 2.98 more total C. trifurcata relative to a single F 0 -targeted insecticide regardless of the insecticide applied (t 147 ϭ 4.02, P Ͻ 0.0001) (see Table 1 for reference to population targets used in this and subsequent Table 5 ).
Overall, a temporal analysis by sample date indicated that some insecticidal treatments signiÞcantly reduced beetle abundance during times of increasing beetle abundance for some locations (Figs. 2Ð 4) . By in situ, early-season counts there were no signiÞcant treatment effects at the central location in 2002 according to the overall analysis (Table 4 ; Fig. 2A ), F 0 -targeted insecticides signiÞcantly reduced F 0 abundance relative to the untreated control at northeast (day 150: F 6, 18 ϭ 3.31; P ϭ 0.0224; day 157: F 6, 18 ϭ 12.65; P Ͻ 0.0001) (Fig. 2B ) and northwest (day 148: F 6, 18 ϭ 20.19; P Ͻ 0.0001; day 155: F 6, 18 ϭ 17.27; P Ͻ 0.0001) (Fig. 2C) locations. In 2003, central (day 155: F 7, 49 ϭ 2.90; P ϭ 0.0128; day 161: F 7, 19 ϭ 7.31; P Ͻ 0.0001) (Fig. 3A) , northeast (day 161: F 7, 49 ϭ 11.80; P Ͻ 0.0001; day 167: F 7, 49 ϭ 4.80; P ϭ 0.0004) (Fig. 3B ) and northwest (day 155: F 7, 49 ϭ 9.17; P Ͻ 0.0001; day 167: F 7, 49 ϭ 3.78; P ϭ 0.0024) (Fig. 3C ) locations had signiÞcantly reduced F 0 populations via F 0 -targeted insecticides (Table 4 ). In 2004, there were no significant treatment effects at the central location (Table  4 ; Fig. 4A ) and only 2 d of insecticidal reduction of C. trifurcata populations at the northeast location (day 155: F 7, 49 ϭ 7.36; P Ͻ 0.0001; day 160: F 7, 49 ϭ 3.04; P ϭ 0.0097) ( Table 4 ; Fig. 4B ). For all years, according to mid-to late-season 20-sweep counts, the response of F 1 and F 2 populations to insecticides generally was more variable than that of F 0 populations. Although there were no signiÞcant overall treatment effects for the central location in 2002 (Table 5 ; Fig. 2A ), F 1 -targeted applications reduced C. trifurcata abundance below that of a control at northeast (day 190: F 7, 49 ϭ 21.81; P Ͻ 0.0001; day 197: F 6, 18 ϭ 4.18; P ϭ 0.0084; day 231: F 6, 18 ϭ 7.79; P ϭ 0.0003; day 242: F 6, 18 ϭ 8.08; P ϭ 0.0002) (Fig. 2B ) and northwest locations (day 192: F 6, 18 ϭ 3.23; P ϭ 0.0246; day 197: F 6, 18 ϭ 4.82; P ϭ 0.0042; day 211: F 6, 18 ϭ 4.14; P ϭ 0.0088; day 233: F 6, 18 ϭ 4.81; P ϭ 0.0043; day 239: F 6, 18 ϭ 8.15; P ϭ 0.0002; day 246: F 6, 18 ϭ 12.50; P Ͻ 0.0001; day 253: F 6, 18 ϭ 7.03; P ϭ 0.0006) ( (Fig. 3A) , northeast (day 202: F 7, 49 ϭ 7.52; P Ͻ 0.0001; day 209: F 7, 49 ϭ 3.14; P ϭ 0.0081; day 225: F 7, 49 ϭ 7.54; P Ͻ 0.0001; day 254: F 7, 49 ϭ 8.37; P Ͻ 0.0001) (Fig. 3B) , and northwest locations (day 203: F 7, 49 ϭ 3.98; P ϭ 0.0016) (Fig. 3C) . The central location was not affected by insecticides in 2004 (Table 4 ; Fig.  4A ), and only 1 d at the northeast location had a signiÞcant reduction in C. trifurcata abundance via F 1 -targeted applications (day 195: F 7, 49 ϭ 2.71; P ϭ 0.0187) (Fig. 4B) .
In 2002, all locations had late-season populations (F 1 and F 2 ) of C. trifurcata that foreshadowed at least a measurable yield loss (Fig. 5A ) whereas populations at all locations in 2003 (Fig. 5B) or 2004 (Fig. 5C ) were much lower. Additionally, in 2002, distinct F 1 and F 2 populations could only be detected at the northwest location (Fig. 5A) where the onset of F 2 populations were delayed Ϸ15 d by the application of an F 1 -targeted insecticide at northwest (data not shown).
An F 0 -ϩ an F 1 -targeted insecticide program reduced C. trifurcata abundance through calendar dates 168 Ð267 by 1.50 Ϯ 0.16 (t 312 ϭ 9.33, P Ͻ 0.0001) beetles via the addition of the F 1 -targeted insecticide in 2002 at northwest relative to an F 0 -targeted insecticide tistically similar to 2002 (Fig. 1B) , based on the AUDPC. In addition to this temporal trend, virus incidence was generally higher at the central location for each year. This trend agrees with the current understanding of BPMV prevalence in Iowa: it increases from north to south (Robertson and Nutter 2006) . Additionally, even in years where total C. trifurcata abundance never exceeded 30 individuals (2004; Table 3), the AUDPC was never below the minimum damage boundary of 20% (Horn et al. 1973) reported for BPMV incidence (Fig. 1B) .
Disease progress curves for BPMV were pooled by location based on a nonsigniÞcant location by treatment interaction within each year (Fig. 6AÐC ). Although the incidence of BPMV at 2 wk after planting was similar between 2002 and 2003, the onset of BPMV may have occurred earlier in 2002 (Fig. 6, A1 and B1 ). Bean pod mottle virus progress remained at or below 20% throughout most of 2004 (Fig. 6C1) . In 2002, only a seed-applied insecticide alone signiÞcantly reduced the AUDPC relative to an untreated control (F 6, 54 ϭ 2.48; P ϭ 0.0340) (Fig. 6A2) . In 2003, there were no signiÞcant pairwise treatment differences in the AUDPC compared with the untreated control (Fig.  6B2) . However, the F 0 -ϩ an F 1 -targeted insecticide program increased the AUDPC by 11.98 Ϯ 2.98% (t 147 ϭ 4.02, P ϭ 0.0001) relative to the F 0 -targeted insecticide alone at the northwest location in 2003. However, this increase in incidence did not surpass that of the untreated control. There were no signiÞ-cant effects of treatment on AUDPC in 2004 (Fig. 6C) .
Although the relative level of virus antigen in seed did not resolve pairwise treatment differences (Fig.  7AÐF ), there were signiÞcant year and location effects (Fig. 1C) . The overall treatment effects were only signiÞcant in 2002 at the central location (F 6, 54 ϭ 3.83; P ϭ 0.003) (Fig. 7A) for which a thiamethoxam seed application alone resulted in a high relative amount of BPMV in seed. Additionally, when seed was assayed for SMV, only 2003 had detectable amounts of SMV (Fig. 1D) ; however, the average relative amount of antigen was not signiÞcantly Ͼ1 (i.e., its 95% conÞ-dence interval [CI] includes 1). Therefore, although SMV was detected, synergistic interactions between BPMV and SMV were not likely.
Agronomic Effects. Yield generally was highest in treatments with F 0 -ϩ F 1 -targeted insecticide applications (Figs. 8AÐE) ; however, yields were only statistically signiÞcant in three out of the eight location by year combinations (note that some locations were combined based on nonsigniÞcant location by year interactions). There were some signiÞcant treatment effect in 2003 (F 7, 147 ϭ 4.94; P Ͻ 0.0001) (Fig. 8B ) and 2004 (F 7, 98 ϭ 4.43; P ϭ 0.0003) (Fig. 8E) Fig. 9A and B) . However, treatment had some signiÞcant effect on 100-seed weight for 2003 (F 7, 147 ϭ 7.82; P Ͻ 0.0001) (Fig. 9CÐE ) and 2004 (F 7, 98 ϭ 3.71; P ϭ 0.0013) (Fig. 9F) . In general the addition of an Treatment had some signiÞcant effect on seed-coat discoloration for 2002 (F 6, 54 ϭ 9.40; P Ͻ 0.0001) (Fig.  10AÐC ) and 2003 (F 7, 146 ϭ 2.48; P ϭ 0.0196) (Fig. 10D and E), with signiÞcant interactions of location by treatment for both years (2002: F 12, 54 ϭ 2.82; P ϭ 0.0046; 2003: F 14, 146 ϭ 2.94; P ϭ 0.0006). However, there were no signiÞcant effects of treatment, location, or treatment by location for 2004 (Fig. 10F) . Overall, the F 1 -targeted insecticide signiÞcantly improved seed color (Fig. 10B and C, and D ). An F 0 -ϩ F 1 -targeted insecticide strategy resulted in Ϸ5Ð10% fewer mottled seeds through the addition of a F 1 -targeted insecticide (2002, northwest: t 54 ϭ 4.74, P Ͻ 0.0001; 2003, northeast: t 146 ϭ 3.73, P ϭ 0.0003) based on a contrast comparison of F 0 minus the F 0 -ϩ F 1 -targeted insecticide treatments. However, this improvement in seed color was less consistent if the F 0 -targeted insecticide was applied as a seed treatment in 2002 (Fig. 10B and C) . In fact, an F 1 -targeted insecticide alone was often sufÞcient to protect seed color ( Fig. 10B and C, and D) .
Discussion
Seed-applied insecticide by itself signiÞcantly reduced the AUDPC of BPMV in an outbreak year, 2002, and the AUDPC was numerically lower than a control in 2003 and 2004. A foliar insecticide program targeting F 0 ϩ F 1 C. trifurcata numerically decreased the AUDPC, as similarly found by Krell et al. (2004) , whereas the addition of a foliar insecticide application to a seed-applied insecticide may have increased BPMV incidence relative to a seed-applied insecticide alone (Fig. 6AÐC) . However, only in 2002 did any treatment have a signiÞcantly lower AUDPC relative to an untreated control. Furthermore, in 2002 all treatments had a numerically lower AUDPC than the untreated control. The onset of BPMV apparently occurred earlier in check plots in 2002 than in other years (Fig. 6A1, B1, and C1) . Therefore, the effect of vector suppression and its corresponding impact on BPMV in soybean may have been most apparent in 2002. Under high bean leaf beetle pressure, our Þndings agree with Daniels (2004) and indicate that seed-applied insecticides targeting F 0 C. trifurcata populations can reduce BPMV. However, further study is needed to understand how these treatments affect the temporal progression of BPMV.
Vector management costs for the F 0 - ) if a seed-treated insecticide is used as the F 0 -targeted insecticide. The greatest yield protection was recorded with the F 0 -ϩ F 1 -targeted insecticide strategy. SpeciÞcally, the gain threshold was exceeded by Ϸ1.1 q ha Ϫ1 (Ϸ1.6 bu acre Ϫ1 ) or 0.9 q ha Ϫ1 (Ϸ1.3 bu a
Ϫ1
) if a seed-applied or foliar insecticide, respectively, was used as the F 0 -targeted insecticide in 2003 at the northeast and northwest locations. These gainthreshold calculations do not include penalties (e.g., yield reduction associated with management activities or discounted prices due to grain quality).
The results presented here support Krell et al. (2004) that F 0 -targeted insecticides can suppress F 1 populations and that the success of an F 1 -targeted insecticide strongly depends on the seasonal dynamics of C. trifurcata. According to teneral cohort abundance, seed-applied insecticide is most efÞcient in reducing the establishment of the population in endemic years (e.g., 2003 and 2004) (Table 2) . Whereas, a reduction in population establishment was only signiÞcant in one treatment of one location in 2002. Therefore, during years of high C. trifurcata abundance (e.g., 2002), the onset of a large F 1 vector population may be difÞcult to manage by insecticidal control alone. Even when seasonal population growth is greatly suppressed (Fig. 1B) , the rate of transmission apparently is not sufÞciently reduced to signiÞcantly improve yield (Fig. 8A ) when vector populations are large.
Although not the target of the insecticide program in this study, no F 0 or F 1 control strategy maintained F 2 populations below economic injury levels for lateseason pod damage (Fig. 5AÐC ) in 2002 (data not shown), based on the above-mentioned management costs and soybean market value . Interestingly, the F 1 population would not have predicted the large abundance of F 2 beetles that occurred at the northwest location in 2002. The simple linear model proposed by predicts 81 F 2 beetles in 2002, based on F 1 peak abundance, whereas the observed estimate of F 2 C. trifurcata at this location and year was 213.5 Ϯ 21.6. The difference may indicate that this F 2 population originated elsewhere. Additionally, the AUDPC remained within the damage boundary (Horn et al. 1973, Hopkins and Mueller 1984) throughout this study, yet there was a signiÞcant yield response at only two locations in 2003 and one location in 2004.
Yield was greatest for northeast and northwest locations in 2003 if both F 0 and F 1 populations of C. trifurcata were targeted (Fig. 8B) . Because there was no signiÞcant effect of insecticides on the AUDPC, these yield improvements may be attributable to reductions in direct damage from C. trifurcata. Although soybean aphids were also present in 2003, their abundance peaked after the insecticide application for F 1 -C. trifurcata population (unpublished data) and insecticides, as applied in this study, do not prevent economic injury from soybean aphids (Johnson et al. 2007 ). However, economic injury from all of these pests is likely not mutually exclusive and reductions in insect and viral pests may interact to affect soybean yield. Furthermore, a reduction in yield in response to foliar insecticide, as in the northeast location in 2004 (Fig. 8E) , may be related to the suboptimal insecticide timings on soybean aphids and contributing to pest resurgence (Johnson et al. 2007 ).
Grain quality is an important factor in the value of soybean grown for export (USDA 2006) . This study supports the Þndings of Krell et al. (2004) that a F 0 -ϩ F 1 -targeted insecticide strategy (using -cyhalothrin for both applications) may keep grain within acceptable quality standards. However, seed-coat color is regulated by a family of genes (Takahashi and Abe 1999; Senda et al. 2002 Senda et al. , 2004 , some of which are affected by the environment. This genotype by environment interaction is variety dependent and seems to also affect the phenotypic expression of BPMV on soybean seed coats (Krell et al. 2005 ). Because of these interactions it may prove difÞcult to manage for soybean quality in preference for earlier planting times (Pedersen 2006) without the use of more reliable management tools.
As reviewed by Perring et al. (1999) , some plant viruses can increase in incidence in response to some insecticides. Furthermore, Pederson et al. (2007) reported an increase in BPMV incidence with the use of foliar insecticides timed to suppress soybean aphid, Aphis glycines Matsumura, abundance. In this study there was no statistically signiÞcant increase in virus incidence with the use of insecticides applied to suppress C. trifurcata abundance (Fig. 6AÐC) . However, there was a consistent trend toward increased BPMV incidence between seed-treated plots when a foliar insecticide was added (Fig. 6AÐC) .
Although the dispersion pattern of F 0 populations is unknown, both F 1 and F 2 populations of C. trifurcata have a signiÞcantly aggregated dispersion (i.e., variance to mean ratio is Ͼ1) within soybean Þelds (Krell 1999). As such, the suppression of vectors by chemicals should work to reduce BPMV much like chemical controls have worked in other systems with colonizing insect vectors (Perring et al. 1999) . Although the F 2 population likely is not an important vector for BPMV (Giesler et al. 2002) , the F 1 population is a secondary source and dispersal agent. The fact that the suppression of vectors (F 0 or F 1 populations) did not consistently suppress BPMV in this study may indicate underappreciated behavioral effects for some chemical applications, e.g., increased movement as suggested by Pedersen et al. (2007) . Future studies should evaluate the impact of insecticides on C. trifurcata dispersal as it relates the primary and secondary spread of BPMV in soybean.
There can be beneÞts to yield with an F 0 -ϩ F 1 -targeted insecticide strategy and the maximum yield gain can be achieved when a seed-applied insecticide is used as the F 0 -targeted insecticide (Fig. 8B) . However, these yield beneÞts may be offset under some situations with poorly colored grain when a seedapplied insecticide is used (Fig. 9D) . Because the success of this management program depends on the seasonal dynamics of C. trifurcata, consistent suppression of both C. trifurcata and BPMV is challenging; therefore, caution should be taken in its recommendation. These results further clarify the need to discover and exploit the mechanisms of resistance to C. trifucata and BPMV.
